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1: (a) $F$ $\ell$









[1, 3, 4]. 1










W $=F\Delta x$ , (2)
(1)
$\Delta W=2\gamma P\triangle x=\gamma\Delta S$, (3)





$p$ 3 $\ell$ 1
$\rho g\ell^{3}=\gamma\ell$ , (4)
$l=\sqrt{\frac{\gamma}{\rho g}}$ , (5)
$\rho$ $g$
$p$ $\ell_{c}$ (capillary length)
2 2
















(van der Waals) [5].











$U= \frac{nVu}{2}=-\frac{2}{3}\pi a^{3}n^{2}\epsilon V_{:}$ (7)
$z(z\leq a)$
$\tilde{V}(z)=\int_{z}^{a}\pi(\sqrt{a^{2}-z^{\prime 2}})^{2}$ dz‘ $= \frac{\pi}{3}(a-z)^{2}(2a+z)$ , (8)
– $arrow$
$\Delta u(z)$
$\Delta u(\approx)=\epsilon n\tilde{V}(z)=\frac{\pi n\epsilon}{3}(a-z)^{2}(2a+z)_{:}$ (9)
$S$ $z=\sim\sim\approx+\triangle\approx$ $nS\triangle z$





$\gamma=\frac{\pi}{4}n^{2}\epsilon a^{4}$ . (12)
$n$ [1/ ] $\epsilon$ [ ] $a$ [ ] $\gamma$. [
/ ]




( $a$ $\epsilon$ )
$z$ $\Phi(z)$ $0\leq\approx\leq a$
$\Phi(\approx)=n\epsilon\tilde{V}(z)=\frac{\pi n\epsilon}{3}(a-z)^{2}(2a+z)$ , (13)
$m$ , $z$ $x,$ $y,$ $z$
$v_{x}(z),$ $v_{y}(z),$ $v_{\approx}(z)$ $z>a$ $v_{\lambda}(\approx)=U_{y}(Z)=$
$v_{z}(z)=v_{0}$
$\frac{3m}{2}v_{0^{2}}=\Phi(z)+\frac{m}{2}[(v_{x}(\approx))^{2}+(v_{y}(z))^{2}+(v_{z}(z))^{2}]$ . (14)
$i$ $(i=x, y, z)$ $P_{i}(z)$
$P_{i}(z)=nm(v_{i}(\approx))^{2}$ , (15)
7. $z\geq a$. $P_{x}(a)=$
$P_{y}(a)=P_{z}(a)=P_{0}$ $z$ $\approx$ $z$
2 8.





$7\Delta S$ $\Delta t$ $n\Delta Sv:(_{\sim})\Delta t/2$ $rn\iota:_{i}-$
$(-mv_{\dot{*}})=2mv_{i}$ $\Delta t$
$F\Delta t=nm\Delta S(\iota_{i}(z))^{2}\Delta t$ , (16)
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13: 1 2( )










$F=F_{1}+F_{2}+4\pi R^{2}\gamma$ . (19)
$dF=-P_{1}dV_{1}-P_{2}dV_{2}+d(4\pi R^{2}\gamma)$ , (20)
$dV_{1}=-dV_{2}$ 2 3
$V_{2}=4\pi R^{3}/3$
$dF$ $=$ $(P_{1}-P_{2})dV_{2}+d(4\pi R^{2}\gamma)$




$P_{2}-P_{1}= \frac{2\gamma}{R}$ . (22)
$R_{1},$ $R_{2}$









$\gamma_{k},$ $\gamma_{s},$ $\gamma 1$
9
8
4 $r$ $\theta$ $R$
$R=r\sin\theta$ . (24)
$V_{0}$ $r,$ $\theta$ $(0< \theta<\frac{\pi}{2})$
$V_{0}= \int_{\cos\theta}^{r}\pi(\sqrt{r^{2}-z^{2}})^{2}d\approx=\frac{\pi}{3}r^{3}(1-\cos\theta)^{2}(2+\cos\theta)$ , (25)
$S$
$S=\pi R^{2}$ , (26)
$S’$





$F$ (24), (25) (Lagrange)
$F$ $=$ $\pi(\gamma_{k}-\gamma_{s})R^{2}+2\pi\gamma_{1^{7^{2}}}\cdot(1-\cos\theta)$

















$V_{0}= \frac{\pi}{3}r_{1}^{3}$ $($ 1 –ons $\theta_{1})^{2}(2+\cos\theta_{1})+\frac{\pi}{3}r_{2}^{3}(1-coe\theta_{2})^{2}(2+\cos\theta_{2})$ . (37)















$+ \lambda_{3}[\frac{\pi}{3}r_{1}^{3}(1-\cos\theta_{1})^{2}(2+\cos\theta_{1})+\frac{\pi}{3}r_{2}^{3}(1-\cos\theta_{2})^{2}(2+\cos\theta_{2})-V_{0}]$ , (41)
$\frac{d}{dR}F=-2\pi\gamma_{12}R+\lambda_{1}+\lambda_{2}=0$, (42)
$\frac{d}{dr_{1}}F=4\pi\gamma_{13}r_{1}(1-\cos\theta_{1})-\lambda_{1}\sin\theta_{1}+\lambda_{3}\pi r_{1^{2}}(1-\cos\theta_{1})^{2}(2+\cos\theta_{1})=0$ , (43)
$\frac{d}{d\theta_{1}}F=2\pi\gamma_{13}r_{1^{2}}\sin\theta_{1}-\lambda_{1}r_{1}\cos\theta_{1}+\lambda_{3}\pi r_{1^{3}}\sin^{3}\theta_{1}=0$, (44)
$\frac{d}{dr_{2}}F=4\pi\gamma_{23}r_{2}(1-\cos\theta_{2})-\lambda_{2}\sin\theta_{2}+\lambda_{3}\pi r_{2^{2}}(1-\cos\theta_{2})^{2}(2+\cos\theta_{2})=0$ , (45)
$\frac{d}{d\theta_{2}}F=2\pi\gamma 42sr_{2^{2}}\sin\theta_{2}-\lambda_{2}r_{2}\cos\theta_{2}+\lambda_{3}\pi r_{2^{3}}\sin^{3}\theta_{2}=0$ , (46)














1 2 3 $(\gamma_{12}<\gamma_{13}+\gamma_{23}$ $)$ ,




(advancing contact angle), (receding contact angle)
(equilibrium

















$(x=0$ , $c_{1},$ $c_{2}$
$c(x)=c_{1}+ \frac{c_{2}-c_{1}}{\ell}x$ , (54)
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$\Delta_{C\equiv C_{2}-C_{1}}$
$c(x)=c_{1}+ \frac{\Delta_{C}}{l}:r:$ . (55)
$J_{diff_{US}i\circ ii}$ (Fick)




$F_{s}= \triangle y\frac{\gamma_{2}-\gamma_{1}}{l}\triangle x$, (58)
$\Delta_{X}\Delta y$ $h\Delta_{X}\Delta y$
$f_{s}= \frac{F_{8}}{\Delta_{X}\Delta yh}=\frac{\gamma_{2}-\gamma_{1}}{\ell h}$ , (59)
8)
$f_{V} \sim\eta|\nabla^{2_{V}}|\sim\frac{\eta v}{h^{2}}$ , (60)
$f_{s}=f_{V}$
$v= \frac{\gamma_{2}-\gamma_{1}}{\eta\ell}h$ . (61)
$\gamma(c)=\alpha c+\gamma_{0}$ , (62)
$v= \alpha\frac{c_{2}-c_{1}}{\eta\ell}h=\frac{\alpha\triangle ch}{\eta^{p}}$, (63)
$J_{conv\infty ti\circ I1}$
$J_{convection}=v \triangle c=\frac{\alpha\Delta c^{2}h}{\eta^{p}}$ . (64)
$J_{\infty\ldots aetion}$ $J_{diffoei_{011}}$




$T(x)=T_{1}+ \frac{T_{2}-T_{1}}{\ell}x$ , (66)
(Fourier)
$J_{q}=-CD_{T}\nabla T$, (67) $\cdot$
$C$ $D_{T}$ $J_{diffusion}$




$v= \alpha\frac{T_{2}-T_{1}}{\eta l}h=\frac{\alpha\Delta Th}{7|\ell}$, (69)
$J_{c}$ nvectiou
$J_{convection}=vC \triangle T=\frac{\alpha C(\triangle T)^{2}h}{\eta l}$ . (70)
$J_{convoetion}$ $J_{diRusion}$





$\nabla\cdot v=0$ , (72)
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7: 1 2 $x$ $y$ $z$
1 $z$
(Navier-Stokes equation)







$\sigma_{ij}=-P\delta_{ij}+\eta(\frac{\partial v_{\iota}}{\partial x_{j}}+\frac{\partial v_{j}}{\partial x_{i}})$ , (75)
$\sigma_{ij}$ $i$
$i$













$p_{x}^{(1)}=-p_{x}^{(2)}+\triangle\gamma w$ , (77)
1 $z$
$p_{x}^{(1)}=-\sigma_{x_{\overline{\sim}}}^{(1)}|_{\approx=0}w\triangle x$ , (78)
$p_{x}^{(2)}=\sigma_{x_{\sim}}^{(2)}|_{\tilde{\triangleleft}=0}w\Delta x$ , (79)
$\sigma_{xz}^{(2)}|_{z=0}-\sigma_{xz}^{(1)}|_{z=0}=\frac{\triangle\gamma}{\Delta x}$ , (80)
$\Delta xarrow 0$
$\sigma_{xz}^{(2)}|_{z=0}-\sigma_{xz}^{(1)}|_{\sim=0}\sim=\frac{\partial\gamma}{\partial x}$ , (81)
$\eta^{(2)}\frac{\partial v_{x}^{(2)}}{\partial z}|_{\approx=0}-\eta^{(1)}\frac{\partial v_{x}^{(1)}}{\partial z}|_{z=0}=\frac{(?\gamma}{\partial x}$ , (82)
$\eta^{(1)},$ $\eta^{(2)}$ 1 2 $v_{x}^{(1)},$ $v_{x}^{(2)}$ 1,
2 $x$
( 2 ) $\eta^{(2)}arrow 0$
$- \eta^{(1)}\frac{\partial’v_{x}^{(1)}}{\partial\approx}|_{z=0}=\frac{\partial\gamma}{\partial x}$ : (83)
( 2) $\eta^{(2)}arrow\infty$
( ) (82)




8: 1 2 $x$ $y$
$\approx$ $x$ $y$ (85)
1 $\approx$
$R_{1},$ $R_{2}$ $\Delta x\Delta y$
$-\Delta x/2\leq x\leq\Delta x/2,$ $-\Delta y/2\leq y\leq\triangle y/2$ $x$ $y$
$z$
$p_{z}= \gamma\Delta y\frac{1/R_{1}}{1+(1/R_{1})^{2}}\Delta x+\gamma\Delta x\frac{1/R_{2}}{1+(1/R_{2})^{2}}\Delta y=(\frac{1}{R_{1}}+\frac{1}{R_{2}})\gamma\Delta x\Delta y+O(\frac{1}{R_{1}^{3}},$$\frac{1}{\mathscr{H}})$ ,
(86)
$z$ 1, 2
$\Delta x\Delta y$ 1 $\approx$ $p_{\approx}^{(1)}$ , 2 $z$
$p_{z}^{(2)}$
$p_{z}^{(1)}=-p_{z}^{(2)}$ , (87)
$p_{-}^{(1)} \sim=-p_{z}^{(2)}+(\frac{1}{R_{1}}+\frac{1}{R_{2}})\gamma\Delta x\Delta y$, (88)
$p_{-}^{(1)}\sim=-\sigma_{z\approx}^{(1)}|_{z=0}\Delta x\Delta y$ , (89)
$p_{z}^{(2)}=\sigma_{zz}^{(2)}|_{z=0}\Delta x\Delta y$ , (90)
$\sigma_{zz}^{(2)}|_{z=0}-\sigma_{zz}^{(1)}|_{\sim=0}=(\frac{1}{R_{1}}+\frac{1}{R_{2}})\gamma\cdot$ , (91)







$\Delta x$ $\Delta y$
$\sigma_{nn}^{(2)}|_{z=0}-\sigma_{nn}^{(l)}|_{\sim=0}=(\frac{1}{R_{1}}+\frac{1}{R_{2}})\gamma$, (93)
$\sigma_{tn}^{(2)}|_{z=0}-\sigma_{tn}^{(1)}|_{-=0}\sim=\nabla_{t}\gamma$ , (94)




9 $x$ $z$ , $y$
Navier-Stokes
$\rho(\frac{\partial}{\partial t}+v\cdot\nabla)v=-\nabla P+\eta\nabla^{2_{V_{\backslash }}}$. (95)
$v,$ $P$ $\rho,$ $\eta$ $v=v_{x}(z)e_{x}$
(95)
$- \frac{dP}{dz}+\eta\frac{d^{2}v_{x}}{dz^{2}}=0$ , (96)
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$\frac{dP}{dz}$ $K$









$v_{x}(z)= \frac{3\Gamma_{0}}{4\eta h}z(z-\frac{2h}{3})$ , (100)
$v_{x}|_{\approx=h}= \frac{\Gamma_{0}}{4\eta}h$ , (101)
32 ( (61))
12.
$\frac{dP}{dz}=K=2\eta\frac{3\Gamma_{0}}{4\eta h}=\frac{3\Gamma_{0}}{2h}=\frac{3}{2h}\frac{d\gamma}{dx}|_{z=h}$ , (102)
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